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Exon skipping using phosphorodiamidate morpholino oligo-
mers (PMOs) is a promising treatment strategy for Duchenne
muscular dystrophy (DMD). The most significant limitation
of these clinically used compounds is their lack of delivery sys-
tems that target muscles; thus, cell-penetrating peptides are
being developed to enhance uptake into muscles. Recently, we
reported that uptake of peptide-conjugated PMOs into myofib-
ers was mediated by scavenger receptor class A (SR-A), which
binds negatively charged ligands. However, the mechanism
by which the naked PMOs are taken up into fibers is poorly
understood. In this study, we found that PMO uptake and
exon-skipping efficiency were promoted in dystrophin-defi-
cient myotubes via endocytosis through a caveolin-dependent
pathway. Interestingly, SR-A1 was upregulated and localized
in juxtaposition with caveolin-3 in these myotubes and pro-
moted PMO-induced exon skipping. SR-A1 was also upregu-
lated in the skeletal muscle of mdx52 mice and mediated
PMO uptake. In addition, PMOs with neutral backbones had
negative zeta potentials owing to their nucleobase composi-
tions and interacted with SR-A1. In conclusion, PMOs with
negative zeta potential were taken up into dystrophin-deficient
skeletal muscle by upregulated SR-A1. Therefore, the develop-
ment of a drug delivery system targeting SR-A1 could lead to
highly efficient exon-skipping therapies for DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a severe muscle disorder
characterized by mutations in the DMD gene that primarily disrupt
its reading frame, resulting in the absence of a functional dystrophin
protein. A related allelic disorder, Becker muscular dystrophy, whose
phenotype ranges from one very similar to that of DMD to almost
asymptomatic, typically results from shortened but in-frame tran-
scripts of DMD that allow for the expression of limited amounts of
an internally truncated but partially functional protein.1 One of the
most promising therapeutic candidates for overcoming the absence
of dystrophin in DMD is exon-skipping therapy using antisense oli-
gonucleotides (ASOs), which modulate splicing patterns from out-
of-frame to in-frame dystrophin transcripts. This therapy has been
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demonstrated to exclude specific exons, thereby correcting the trans-
lational reading frame, resulting in the production of “Becker-like,”
shortened, but partially functional proteins.2 ASOs alter splicing pat-
terns by targeting specific sequences in pre-mRNA elements involved
in exon recognition and/or consensus splice sites.3

Phosphorodiamidate morpholino oligomers (PMOs), which are
among the most promising ASOs, possess a morpholino rather
than a ribose moiety and an uncharged phosphorodiamidate rather
than a negatively charged phosphodiester linkage backbone. PMOs
have been widely used to study gene function in non-mammalian an-
imal models, such as zebrafish, frogs, and sea urchins.4 Thus far,
PMOs have demonstrated sufficient safety and efficacy in exon skip-
ping for use in murine and canine models of DMD in vivo.5–8 In addi-
tion, the U.S. Food and Drug Administration (FDA) recently
approved Exondys 51 (eteplirsen) by Sarepta Therapeutics under
the accelerated approval pathway as a PMO-based exon 51-skipping
drug. This represents the first ASO-based treatment for DMD to be
approved by the FDA.9 However, its most significant limitation is
the lack of a delivery system into myofibers. It has been reported
that intravenously injected PMO remained detectable in the serum
less than 2 h after injection (with a half-life of approximately
30 min), mainly owing to rapid renal clearance.10–12 Therefore, it is
essential to elucidate the molecular mechanism of cellular PMO up-
take and establish a delivery system targeting skeletal and cardiac
muscle fibers to obtain efficacy even with low doses.

However, the uptake mechanism for PMO with a neutral back-
bone, which possibly limits interactions with the cell surface
necessary for endocytosis,13 is unclear but is assumed to be ATP
independent and the consequence of nonspecific passage through
Authors.
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pores in damaged membranes based on the “leaky membrane” the-
ory of muscles lacking dystrophin.14,15 Intriguingly, we reported
that PMO entry into myofibers is dependent on the developmental
stage of myogenesis rather than on leaky membranes.16 Consis-
tently, Novak et al.17 recently reported that systemically injected
PMO localized to inflammatory foci, where it entered macro-
phages, actively differentiating between myoblasts and newly
forming myotubes. Additionally, Han et al.18 showed that
co-administration of PMO with glucose enhanced exon-skipping
activity in mdx mice, and that the uptake was mediated by en-
ergy-dependent endocytic pathways.

Furthermore, we recently demonstrated that scavenger receptor class
A (SR-A) receptors mediate the uptake of a type of peptide-conju-
gated PMO, namely Pip6a-PMOs, into skeletal muscle.19 SRs play
a central role in innate immunity and homeostasis through the up-
take of pathogen-associated and damage-associated molecular pat-
terns.20 They are subdivided into several classes, from A to I, which
are structurally diverse but functionally similar in their ability to bind
polyanionic particulate substrates, displaying clusters of cationic res-
idues (cationic patches).20,21 Their vast array of ligands includes
oxidized low-density lipoprotein, acetylated low-density lipoprotein,
apoptotic cells, Staphylococcus aureus, hepatitis C virus, lipopolysac-
charide,22 prion proteins, viral RNA, and different types of synthetic
nanoparticles.20,23,24 SRs are highly expressed in immune cells such
as macrophages but are also expressed in other cell types, including
skeletal and smooth muscle cells, endothelial cells, fibroblasts, splenic
dendritic cells, and epithelial cells.25,26 SR-As are among the most
extensively studied SRs and are membrane glycoproteins with
cationic collagenous domains at their ligand-binding sites.27 SR-As
have different subtypes, including SR-A1, SR-A2 (MARCO),
SR-A3, SR-A4 (Colec12), and SR-A5.We found that all SR-As except
SR-A2 were expressed in the murine C2C12 and H2K-mdxmyoblast
cell lines, and that their expression increased significantly throughout
differentiation of both cell lines,19 which correlated closely with the
increased Pip6a-PMO uptake and activity accompanying their
differentiation.28

Pip6a-PMO is a modified PMO-conjugated, cell-penetrating pep-
tide containing multiple cationic arginines that enhance ASO deliv-
ery due to their unique ability to deliver cargo across plasma and
endosomal membranes.28,29 Importantly, we found that Pip6a-
PMO has a high propensity to spontaneously self-assemble into
nanoparticles in physiological buffers, and that the resulting
micelles have a net negative charge (zeta potential), enabling their
uptake into muscle cells by SR-As as anionic ligands.19 However,
whether naked PMO with a neutral backbone binds to SR-As is
unknown.

In this study, we investigated the relationship between cell-surface
SR-As and endocytic uptake of PMOs in dystrophic skeletal muscle,
using the H2K-mdx52 myogenic cell line and mdx52 mice, a murine
exon 52-deleted model,30 and also measured the zeta potential of this
PMO and its effect on the binding to SR-A1.
RESULTS
Endocytosis Mediates PMO Uptake into H2K-mdx52 Myotubes

Dystrophin deficiency has been shown to promote uptake of ASOs
into myofibers, including PMOs, in in vivo studies,16,31,32 presum-
ably due to entry through unstable “leaky” plasma membranes in
DMD.33,34 However, we and others have demonstrated that
PMO uptake is ATP dependent and enhanced by muscle
differentiation.16,18

To clarify the molecular mechanism underlying PMO uptake in
dystrophin-deficient muscle cells, we used the myogenic cell lines
H2K-wild-type (WT) and H2K-mdx52. The H2K-mdx52 myoblasts
started to fuse earlier and produced more mature myotubes than did
the H2K-WT myoblasts on day 4 (Figure S1A). The expression of
the muscle-specific isoform of caveolin, caveolin-3 (Cav-3), the
essential component in caveolae35 and myotube formation,36,37

was more upregulated in H2K-mdx52 than in H2K-WT myotubes
(Figure S1B).

On day 4, myotubes were treated for 48 h with 10 mM PMO, which
targets the splicing donor site of Dmd exon 51 (Table 1),38 in the
absence of transfection reagent.2 Consistent with previous in vivo
results, only H2K-mdx52 myotubes showed exon-skipped bands after
RT-PCR, and even 5 mM PMO induced 50% exon skipping (Fig-
ure 1A). This occurred without membrane damage, because no
increase in lactate dehydrogenase release was observed (data not
shown).

To investigate whether the PMO uptake in dystrophin-deficient cells
was energy dependent, we incubated H2K-mdx52 myotubes with
1 mM NaN3 for ATP depletion. RT-PCR analysis after 48 h showed
that this decreased the exon skipping by 45% (Figure 1B).

Next, to monitor PMO uptake more directly, we treated myotubes
with the fluorogenic Cy5-PMO. Notably, Cy5 conjugation did not
interfere with PMO-induced exon skipping (Figure 1C). When myo-
tubes were incubated with Cy5-PMO (10 mM), H2K-WT myotubes
showed no significant increase in Cy5-PMO uptake at 4 h compared
with 1 h, whereas H2K-mdx52 myotubes showed a significant in-
crease in uptake at 4 h (Figure 1D). H2K-mdx52 myotubes also
showed a significantly increased uptake into their nuclei compared
with H2K-WT myotubes (Figure 1E).

Next, H2K-mdx52 myotubes were pre-incubated with 10 mM
NaN3, 30 mM chlorpromazine (CPZ) for inhibiting the clathrin-
mediated pathway, 4 mg/mL filipin III (Filipin) for inhibiting the
caveolin-mediated pathway, and 10 mM 5-(N-ethyl-N-isopropyl)
amiloride (EIPA) for inhibiting micropinocytosis for 30 min and
then supplemented with Cy5-PMO for 4 h. Consistent with the
results of exon skipping, NaN3 inhibited Cy5-PMO uptake by
64%. Filipin III and EIPA inhibited Cy5-PMO uptake by approx-
imately 50%. These results suggest that the lack of dystrophin-
enhanced PMO uptake into myotubes is dependent on endocytic
pathways.
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Table 1. Target Exon, Target Exon-Skipping Site, Length, Sequences, and Zeta Potential in TAE Buffer at pH 7.4 of PMOs Shown in Figure 5

Name Length (mer) Target Exon Target Exon-Skipping Site Sequences Zeta Potential (mV)

51I 25 51 internal exon 50-CAGCCAGTCTGTAAGTTCTGTCCAA-30 �6.0

B30 30 51 internal exon 50-CTCCAACAGCAAAGAAGATGGCATTTCTAG-30 �6.1

51E 25 51 internal exon 50-ACAGCAAAGAAGATGGCATTTCTAG-30 �6.3

23D 25 23 splice donor site 50-GGCCAAACCTCGGCTTACCTGAAAT-30 �10.2

51A 25 51 splice acceptor site 50-CTGGCAGCTAGTGTTTTTGAAAGAA-30 �12.4

53A 25 53 splice acceptor site 50-CTGAATCTGAATTCTTTCAACTGGA-30 �14.4

45A 25 45 splice acceptor site 50-TGACGCTGCCCAATGCCATCCTGGA-30 �15.0

53D 25 53 splice donor site 50-TGACACTAACCTTGGTTTCTGTGAT-30 �16.9

51D 25 51 splice donor site 50-TTGTTTTATCCATACCTTCTGTTTG-30 �18.8

55A 25 55 splice acceptor site 50-GCAGTTGTTTCTGCTTCCGTAATCC-30 �19.2

Poly A 25 ND ND 50-AAAAAAAAAAAAAAAAAAAAAAAAA-30 �4.5

Poly T 25 ND ND 50-TTTTTTTTTTTTTTTTTTTTTTTTT-30 �9.0

ND, no data.
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Upregulated SR-A1 Localized in Juxtaposition with Cav-3 in

Dystrophin-Deficient Myotubes Mediates PMO-Induced Exon

Skipping

We then focused on the role of SR-As in receptor-mediated endocy-
tosis of PMOs based on our report showing Pip6a-PMO uptake into
C2C12 myotubes and murine skeletal muscle by SR-As.19 Aside from
SR-A2, all SR-A isoforms were expressed in both H2K-WT and
-mdx52 myotubes, as well as in C2C12 and H2K-mdx myotubes, a
different DMD mouse model carrying a nonsense mutation in exon
23.19 SR-A1 expression was increased 9.5-fold in H2K-mdx52 myo-
tubes compared with that in H2K-WT myotubes (Figure 2A). After
fractionation of H2K-mdx52 myotube lysates into cytosolic and
membrane fractions, most SR-A1 protein was detected as monomers
near 50 kDa in the membrane fractions (Figure 2B). Confocal imag-
ing revealed that Cav-3 was expressed along the plasma membrane in
mdx52myotubes (Figure 2C, left), whereas SR-A1 was present in both
the cytoplasm and on the plasma membrane (Figure 2C, middle).
SR-A1 was observed to localize in juxtaposition with Cav-3 but did
not show co-localization, as shown in the enlarged image of the yz
axis (Figure 2C, right). Concordantly, in the 3D image shown in Fig-
ure S2, Cav-3 produced a tube-shaped signal along the outline of the
myotubes, and SR-A1 produced a similar pattern. Thus, these
myotubes seem to express SR-A1 in the caveolae, consistent with a
previous report in cell types other than myocytes.39

To investigate the effect of upregulated SR-A1 on PMO-induced
exon skipping in mdx52 myotubes, we pretreated the myotubes with
10 mg/mL polyinosinic acid (poly I) as an SR-A, SR-C, SR-E, and
SR-F inhibitor or fucoidan as an SR-A1/2 and SR-C1 inhibitor33 for
1 h, and then supplemented with 5 mM PMO for 48 h in the presence
of inhibitors. A lower concentration than used previously19 was chosen
to limit membrane damage. Both poly I and fucoidan partially but
significantly reduced exon skipping (Figure 2D). Knockdown of each
SR-A was conducted separately with small interfering RNA (siRNA).
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The results indicated that only SR-A1 knockdown led to a significant
reduction in exon-skipping efficiency (Figure 2E). siRNA treatment of
SR-A1 induced a 45% reduction in SR-A1 mRNA (Figure S3).

To examine the consequences of SR-A1 absence in PMO uptake un-
der dystrophin-deficient conditions, we created double-knockout
(DKO) mice lacking SR-A1/2 and dystrophin by crossing SR-A1/2
knockout mice with mdx52 mice. Satellite cells were isolated from
skeletal muscles of mdx52 and DKO mice and differentiated into
myoblasts. When these were supplemented with 5 mM Cy5-PMO
for 4 h, PMO uptake was reduced by 78% in myoblasts from DKO
mice compared with that in myoblasts from mdx52 mice (Figure 2F;
Figure S4). This result is consistent with a report showing that Pip6a-
PMO-induced exon skipping was less efficient in SR-A1/2 knockout
than in WT mice.19

Furthermore, to examine the effect of SR-A1/2 overexpression on
PMO uptake, pGFP-SR-A1/2 was transfected into HEK293T cells
that do not express this protein.40 Cy5-PMO uptake was promoted
in these cells, which overexpressed a modified form of SR-A1/2 (Fig-
ure S5), by 4.1-fold compared with that in pGFP-transfected controls
(Figure 2G, left). GFP-SR-A1/2 was distributed mainly on the plasma
membrane and co-localized with Cy5-PMO (Figure 2G, right, white
arrowheads), whereas pGFP-transfected cells expressed GFP only in
the cytoplasm without co-localization with Cy5-PMO.

These findings suggest that PMO is taken up into dystrophin-
deficient myotubes through interaction with SR-A1, which is upregu-
lated in juxtaposition with Cav-3.

Upregulated SR-A1 inDystrophin-DeficientMicePromotesPMO

Uptake

To reveal the in vivo role of SR-As in PMO uptake, we analyzed SR-A
expression in murine skeletal muscle by qPCR. Consistent with the



Figure 1. PMO Uptake into H2K-mdx52 Myotubes Is Mediated by Endocytosis

H2K-WT andmdx52myoblasts were differentiated for 4 days and treated with 5 or 10 mMPMO for 48 h (A and B) or 5 or 10 mMCy5-conjugated PMO for 1, 4 (D and E), or 48 h

(C). (A) RT-PCR analysis of exon 51 skipping with cDNA from the myotubes. A representative image is shown. M, 100-bp ladder marker. The dotted line shows the division of

the gel. Exon-skipping efficiency was calculated using the densitometric value of theDexon 51 plus 52 band divided by that of all bands (Dexon 51 plus 52 andDexon 52) (n =

3 independent experiments). (B) H2K myotubes were preincubated with 1 mM NaN3 for 1 h and then supplemented with 5 mM PMO for 48 h in the presence of NaN3. The

exon-skipping efficiency was calculated from the results of RT-PCR (n = 4 independent experiments). The unpaired t test was used for statistical analysis. (C) Representative

image of RT-PCR after a 48-h treatment of H2Kmyotubes with 10 mMCy5-PMO. The dotted line shows the division of the gel. (D) A representative image of Cy5 fluorescence

inmyotubes after 5 mMCy5-PMO treatment for 1 or 4 h. The fluorescence intensities were quantified at each time point. Two-way ANOVAwas used for comparisons between

(legend continued on next page)
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in vitro results, four isoforms of SR-As other than SR-A2 were ex-
pressed in the tibialis anterior (TA), gastrocnemius (GAS), and
diaphragm muscles in WT and mdx52 mice. mRNA of SR-A1 was
upregulated 17-fold in TA, 12-fold in GAS, and 6-fold in diaphragm
muscles of mdx52 mice compared with levels in WT mice, although
the differences were not significant in the TAmuscles due to the large
variability between individual mice (p = 0.064; Figure 3A). SR-A1 was
mainly expressed in inflammatory lesions between myofibers but was
not detected at their plasma membrane in both TA and GAS muscles
from mdx52 mice (Figure 3B), whereas there was no signal in WT
muscles, as determined by immunohistochemistry.

We confirmed that DKO mice showed almost no SR-A1 (Figure 3B)
using immunohistochemistry. A dose of 75 mg/kg Cy5-PMO, which
is clinically relevant, was intravenously administered to WT, mdx52,
and DKO mice. Twenty-four hours later, the TA, GAS, diaphragm
muscles, kidney, liver, and lung were isolated. Using the in vivo mul-
tispectral imaging system (IVIS), mdx52 GAS muscles showed a 2.3-
fold increase in Cy5-PMO uptake compared with WT muscles, and
this increase was not seen when SR-A1/2 was deleted (Figure 3C).
In contrast, the uptake in TA muscles was not significantly different
between the two groups, which can be explained by the large vari-
ability of SR-A1 expression levels in the muscles, as mentioned above.
The Cy5 fluorescence was observed only in sections from the dia-
phragm (Figure 3D) and GAS muscles (Figure S6). Cy5-PMO uptake
increased in the diaphragm compared with WT and DKO mice (Fig-
ure 3D). Inmdx52 GASmuscles, Cy5-PMO uptake was limited to the
cytoplasm of small, regenerating myofibers and was not seen in
normal, larger myofibers (Figure S6), which was consistent with
our previous findings.16

Cy5-PMO uptake into the kidney, liver, and lung did not change
significantly amongWT,mdx52, and DKOmice using multiple com-
parisons, whereas unpaired t test between mdx52 and DKO mice
showed that there was a significant or a trend of decrease in Cy5-
PMO uptake in the kidney (p = 0.017), liver (p = 0.065), and lung
(p = 0.058) in DKO mice compared with mdx52 mice (Figure S7).

Finally, Mdx52 and DKO mice were intravenously administered
160 mg/kg body weight naked PMO, and their muscles were isolated
2 weeks later for western blotting to detect dystrophin.

Although there was no dystrophin in the TA or GASmuscles of either
type of mouse, dystrophin was restored more in the diaphragms of
mdx52 than in DKO mice (Figure 3D). The higher expression of
SR-A1 in the diaphragm than in the TA and GASmuscles (Figure 3A)
can explain the increased exon-skipping efficacy of PMO.
multiple groups. Scale bars, 200 nm (n = 7 independent experiments). (E) Representativ

with nuclear staining by Hoechst (blue). Cy5 fluorescence intensity in the nuclear area (

statistical analysis. Scale bars, 20 nm (n = 4 independent experiments). (F) H2K-mdx52

10 mMEIPA for 30min and then supplemented with 5 mMCy5-PMO for 4 h in the presenc

The fluorescence intensities were quantified for each condition (n = 6 independent exp

Results are presented as mean ± SE. *p < 0.05. N.S., not significant.

524 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
These results suggest that increased SR-A1 expression in the skeletal
muscle of mdx52 mice mediated an increase in PMO uptake
compared with that in WT mice, which agrees well with the
in vitro results.
Upregulated SR-A1 duringMuscle Regeneration Increases PMO

Localization in the Nucleus

Previously, we and others reported that regenerating myofibers take
up PMO more than normal myofibers.16,17 To elucidate the role of
SR-A1 in this process, mdx52 and DKO mice were intramuscularly
injected with Cy5-PMO 1 week after intramuscular injection with
BaCl2 to induce muscle regeneration (Figure 4A).41 BaCl2 treatment
significantly increased SR-A1 expression compared with saline con-
trol in mdx52 mice, but not in DKO mice (Figure 4B). Four hours af-
ter Cy5-PMO injection, the intracellular uptake into myofibers was
increased in both types of mice; however, nuclear localization of
Cy5-PMO in myofibers of mdx52 mice was more than that in DKO
mice (Figure 4C). These results suggest that upregulation of SR-A1
by BaCl2 during muscle regeneration increases PMO localization in
the nucleus.
PMOs Have Negative Zeta Potential Based on Their Nucleobase

Composition, Allowing Their Binding with SR-A1

SR-As bind to a range of negatively charged ligands with their posi-
tively charged, extracellular, collagenous domains.27 Synthetic
anionic homopolymers of RNA, such as poly G and poly I, are ligands
for SR-As and derive their negative charges from phosphate groups,
whereas PMO has a neutral backbone because of the replacement
of phosphate with a neutral diamide.

A complex of PMO and anionic serum components, such as BSA,
may have acted as a ligand for SR-As. H2K-mdx52 myotubes were
supplemented with 5 mM PMO and incubated in culture medium
with or without 1.75 mg/mL BSA or 5% horse serum (HS) for 48 h.
Exon skipping was not affected by the presence of BSA or horse serum
(Figure S8), suggesting that serum factors were not necessary for
PMO uptake.

We previously demonstrated that the zeta potential of molecules in
buffers, but not the charge of single molecules, influences the ability
of molecules to bind receptors by showing that Pip6a-PMOs act as
SR-A1 ligands in biomimetic conditions and at low concentrations
by forming micelles with negative zeta potential.19 Based on these
findings, we hypothesized that the charge of a PMO molecule might
become negative in a solvent.
e fluorescence images of myotubes after 5 mM Cy5-PMO treatment for 4 h, merged

mm) was quantified using the BZ-H3CM software. The unpaired t test was used for

myotubes were pre-incubated with 10 mM NaN3, 30 mMCPZ, 4 mg/mL filipin III, and

e of each inhibitor. Representative fluorescence images of themyotubes are shown.

eriments). One-way ANOVA was used for comparisons between multiple groups.



Figure 2. Role of SR-A1 in PMO Uptake into H2K-mdx52 Myotubes

(A) Gene expression of SR class A isoforms by qPCR using cDNA from H2K-WT and H2K-mdx52myotubes 6 days after differentiation. The value of 2DCT is shown. Abt1was

used as a housekeeping gene. The Mann-Whitney U test was used for statistical analysis (n R 3 independent experiments). (B) Western blotting of SR-A1 in the lysates of

H2K-mdx52 myotubes on day 6 separated into cytosolic and membrane fractions. GAPDH was used as the control for the cytosolic fraction, and Na+/K+ ATPase and

caveolin-3 were used as controls for the membrane fraction. Blots of each protein were derived from the same membrane. (C) Representative orthogonal sectioning of

confocal images of caveolin-3 and SR-A1 in H2K-mdx52 myotubes on day 4 by the HyVolution method. Images of the xy, xz, and yz sections are shown. Scale bars, 10 mm.

(D) H2K-mdx52 myotubes were pre-treated with SR inhibitors for 1 h and then supplemented with 5 mM PMO for 48 h in the presence of inhibitors. Ten micrograms per

(legend continued on next page)
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Thus, we measured the zeta potential of the 10 PMOs shown in Ta-
ble 1, which were randomly selected from previous reports.2,18,19,38,42

First, the zeta potentials of PMOs 51D, 51A, 23D, 53A, and 53D were
measured in PBS, OptiMEM, and tris-acetate-EDTA (TAE) (all three
solvents had different conductivities) at pH 7.4 (Figure S9). Surpris-
ingly, all five PMOs had negative zeta potentials in all conditions
(Figure 5A). Furthermore, most PMOs had significantly lower zeta
potentials in OptiMEM and TAE, which have lower conductivities
than PBS (Figure S9). This result reflected the reduced neutralization
of PMO surface charges by the fewer counter ions found in these
solvents with lower conductivities. In TAE buffer, there was a signif-
icant difference between the zeta potentials of PMOs; that is, 51D had
a lower potential than did 51A and 23D, and 53D had a lower one
than did 23D (Figure 5A). The zeta potentials of the other five
PMOs showed a range of values, with a 3.2-fold difference between
the zeta potentials of 51I and 55A (Figure 5B).

To study the origin of the negative zeta potentials, we focused on the
nucleobase compositions. Guanine and thymine have lower negative
charges than cytosine and adenine at pH 7.4. Based on the character-
istics of nucleobases, we calculated Pearson correlation coefficients
between the zeta potentials and the various subtractions of base
numbers or the percentages of bases for each PMO (Table 3, PMOs
in Table 1 columns). The results showed a significant negative corre-
lation between zeta potential and some of those subtractions, espe-
cially between the number of guanines plus thymines subtracted by
adenines [(G + T)� A], cytosines plus adenines subtracted from thy-
mines [T� (C + A)], and adenines subtracted from thymines (T�A)
(Figure 5C; Table 3, PMOs in Table 1 columns). These results sug-
gested that G and T contribute more than C and A to the negative
zeta potential of PMOs, which is also supported by the 2-fold lower
zeta potential of poly T compared with that of poly A (Figure 5D).

The negative zeta potential of PMOs mediates their interaction with
the cationic surface of SR-A1. For example, the binding of 51D and
51A was tested in an affinity assay with recombinant His-tagged
SR-A1. Both PMOs bound to SR-A1 are shown in Figure 5E.
The equilibrium dissociation constants were calculated to be 8.61 �
10�1 mM for 51D and 6.51 � 10�1 mM for 51A.

Lower Negative Zeta Potential of PMOs Can Contribute to

Increased Uptake and Exon Skipping in Myotubes

Previously, we studied the exon 51 skipping efficiency of twelve
25-mer PMOs, including 51I, 51E, 51A, and 51D, whose zeta poten-
microliter poly I was used as an SR class A, C, E, and F inhibitor. Tenmicrograms per mic

was used as an SR class A1/2 and C1 inhibitor. The paired t test was used for stati

supplemented with 5 nM siRNA for each SR-isoform for 24 h, differentiated for 4 days

RT-PCR detection of exon 51 skipping. The Mann-Whitney U test was used for com

experiments). (F) Primary satellite cell-derived myoblasts frommdx52 and DKO mice we

quantified. The unpaired t test was used for statistical analysis (n = 3 independent expe

with 5 mM Cy5-PMO for 4 h. Representative fluorescence images of the cells are sho

condition. White arrowheads show co-localization of Cy5-PMO and GFP-SR-A1/2. Th

Results are presented as mean ± SE. *p < 0.05; **p < 0.01.
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tials were measured in this study by intramuscular injections into the
TA muscles of mdx52 mice, as shown in Table 2.38 Using the se-
quences and the skipping efficiencies shown in Table 2, correlation
coefficients were calculated (Table 3, PMOs in Table 2 columns).
The results revealed a positive correlation between skipping efficiency
and the number of [(G + T) � A] or [T � (C + A)]. Furthermore,
other subtractions of C and/or A from G and/or T and the [G + T]
percentage were positively correlated with skipping efficiency.

Next, to reveal the direct relationship among negative zeta potential,
cellular uptake, and exon skipping of PMOs, H2K-mdx52 myotubes
were supplemented with Cy5-PMOs of 51A and 51D. Four hours after
treatment, 51D uptake was greater than 51A uptake both throughout
the cells and in their nuclei (Figure S10A). Next, myotubes were sup-
plemented with naked PMOs for 48 h, and their cellular uptake was
detected by ELISA and exon-skipping efficiency was detected by
RT-PCR. 51D (10 mM) showed increased uptake and exon-skipping
efficiency compared with 51A (Figures S10B and S10C).

Therefore, the lower negative zeta potential of 51D compared with
that of 51A (Figure 5A) may have contributed to the increased uptake
and higher exon skipping of 51D.

As mentioned above, in the case of Pip6a-PMOs, micelle formation
was essential to the retention of negative zeta potential. Our results
suggested that naked PMOs could also form spontaneous micelles
because of the structure of hydrophobic phosphorodiamidate link-
ages and hydrophilic nucleobases with negative zeta potential.
Dynamic light scattering (DLS) analysis of Pip6a-PMO with the
51D sequence revealed a peak of approximately 100 nm in diameter
(Figure S11A, gray line). Transmission electron microscope (TEM)
visualization showed well-defined nanoparticles with diameters of
approximately 50 nm (Figure S11B, upper) thought to be micelles
formed by amphipathic Pip6a-PMO, as we reported previously.19

On the other hand, PMOs with the same sequence showed a peak
of approximately 3 nm in diameter by DLS analysis (Figure S11A,
black line). Concordantly, TEM showed a rare, undefined form larger
than 100 nm in diameter (Figure S11B, lower) thought to be the result
of aggregation. Thus, PMOs did not formmicelles as Pip6a-PMOs did
but retained their negative zeta potential as single molecules.

DISCUSSION
In this study, we reported for the first time the in vivo phenomenon of
dystrophin deficiency-induced PMO uptake into the cytoplasm and
roliter poly C was used as a control for poly I. Tenmicrograms per microliter fucoidan

stical analysis (n R 3 independent experiments). (E) H2K-mdx52 myoblasts were

, and supplemented with 5 mM PMO for 48 h, followed by total RNA collection for

parisons between the control and each siRNA-treated group (n R 3 independent

re supplemented with 5 mM Cy5-PMO for 4 h, and the fluorescence intensities were

riments). (G) GFP- or GFP-SR-A1/2-transfected HEK293T cells were supplemented

wn. The fluorescence intensity of Cy5 divided by cell area was quantified in each

e unpaired t test was used for statistical analysis (n = 4 independent experiments).



Figure 3. Upregulated SR-A1 in Dystrophin-Deficient Mice Promotes PMO Uptake

(A) Gene expression of SR class A isoforms in TA, GAS, and diaphragm (DP) muscles of 7- to 9-week-old WT and mdx52 mice as measured by qPCR. The Mann-Whitney

U test was used for statistical analysis (nR 3 independent experiments). (B) Immunohistochemistry of SR-A1 in TA and GAS muscles of 8- to 9-week-old WT,mdx52, and

DKO mice. Scale bars, 200 mm. (C and D) Four-week-old WT, Mdx52, and DKO mice were intravenously injected with 75 mg/kg body weight of Cy5-PMO; 24 h later, TA,

GAS, and diaphragmmuscles were isolated. (C) Cy5 fluorescence in TA and GAS muscles was observed using the IVIS imaging system. Representative images are shown.

Mean fluorescence intensity was quantified. One-way ANOVA was used for comparisons between multiple groups (nR 6 independent experiments). (D) Cy5 fluorescence

(legend continued on next page)
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Figure 4. Upregulated SR-A1 during Muscle

Regeneration Increases PMO Localization in the

Nucleus

(A) Experimental model of intramuscular injection of Cy5-

PMO after the induction of muscle regeneration with

BaCl2. Mdx52 and DKO mice were intramuscularly in-

jected with 1.2% BaCl2 in saline or only saline in the TA

muscle of each leg. After 1 week, 50 mg of Cy5-PMO in

saline was intramuscularly injected into both legs, and the

muscles were collected 4 h later. (B) Gene expression of

SR-A1 in TA muscles as measured by qPCR. Two-way

ANOVA was used for comparisons between multiple

groups (n R 3 independent experiments). (C) Frozen

sections were prepared for detection of Cy5-PMOunder a

fluorescence microscope. Representative images of Cy5

fluorescence merged with that of caveolin-3 and nuclear

staining are shown. Scale bars, 80 mm.
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its exon-skipping efficiency using myogenic cell lines. Interestingly,
more than half of the PMO uptake into H2K-mdx52 myotubes was
found to be ATP dependent and mediated by endocytic pathways.
Importantly, SR-A1 expression was remarkably upregulated both in
H2K-mdx52 myotubes and in skeletal muscle of mdx52 mice.
Reduced SR-A1 impaired PMO uptake into myotubes and myofibers,
and resulted in reduced PMO-induced exon skipping. Furthermore,
PMOs had negative zeta potential that depended on their nucleobase
compositions despite their neutral backbones, which enable their
interaction with SR-A1.

To date, changes in dystrophin-deficient muscle membrane perme-
ability were thought to facilitate the entry of PMO into myofibers;
this so-called leaky membrane hypothesis was the favored explana-
tion for PMO uptake and was based on in vivo animal studies16,31,32

and clinical evidence.43 Considering the role of dystrophin as a
was observed in the sections of diaphragm muscles. Representative images of Cy5 fluorescence with DAPI are sh

and DKO mice were intravenously injected with 160 mg/kg body weight of PMO; 2 weeks later, muscles were is

detect dystrophin restoration. A representative image of western blotting of diaphragm lysates is shown. Thirty mi

of protein) WT control and normalized to the GAPDH loading control. The graph shows the quantified data (n R

mean ± SE. *p < 0.05; **p < 0.01. N.S., not significant.
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membrane stabilizer that prevents contraction-
induced damage, its deficiency induces the
energy-independent, nonspecific uptake of
extracellular PMO through dystrophin-deficient
plasma membranes. However, our findings
strongly support that PMO uptake is regulated
by SR-A1-mediated endocytosis and not by a
nonspecific pathway.

We focused on the role of SR-As in receptor-
mediated endocytosis of PMOs based on reports
showing Pip6a-PMO uptake into C2C12 myo-
tubes and murine skeletal muscle mediated by
SR-As.19 Among the SR-As, only SR-A1 expres-
sion and protein production were remarkably upregulated by dystro-
phin deficiency, and exon-skipping efficiency was reduced partially by
SR inhibitors or after 50% SR-A1 knockdown at the mRNA level.
SR-A1-deleted primary myoblasts from DKO mice showed a 78%
reduction in Cy5-PMO uptake compared with that in myoblasts
from mdx52 mice.

On the plasma membranes of H2K-mdx52 myotubes, SR-A1 local-
ized in juxtaposition with Cav-3 (Figures 2B and 2C; Figure S2).
Cav-3 and caveolae formation are upregulated in patients with
DMD, mdx mice, and mdx52 mice,35,44,45 and also induce myotube
formation.36,37 In addition, SR-A1 expression increased significantly
throughout the course of differentiation in both C2C12 and
H2K-mdx cells.19 Taken together, these findings suggest that Cav-3
upregulation due to dystrophin deficiency (Figure S1B) may enhance
SR-A1 expression in DMD and lead to increased PMO uptake in
own. Scale bars, 80 nm. (E) Four- to five-week-oldmdx52

olated, and their lysates were used for western blotting to

crograms of total protein was loaded relative to 5% (1.5 mg

3 independent experiments). Results are presented as



Figure 5. PMOs with Negative Zeta Potential Bind to

SR-A1

(A) The zeta potentials of 50 mM PMOs, the sequences of

which are shown in Table 1, were measured in PBS,

OptiMEM, and TAE at pH 7.4. One-way ANOVAwas used

for comparisons between multiple groups in each solvent

(nR 3 independent experiments). (B) Zeta potentials of all

10 PMOs in Table 1 measured in TAE at pH 7.4. The

conductivity of each buffer is shown in Figure S9, and the

sequence of each PMO is shown in Table 1. (C) The

correlation between the zeta potential of PMOs in TAE

buffer and the number of adenines subtracted from gua-

nines plus thymines [(G + T)� A], cytosines plus adenines

subtracted from thymines [T � (C+A)], and adenines

subtracted from thymines (T � A). Pearson correlation

coefficients and p values are indicated. (D) The zeta po-

tentials of 50 mM PMOs, 51D, and poly A or poly T were

measured in TAE at pH 7.4. The unpaired t test was used

for statistical analysis (n R 4 independent experiments).

(E) PMOs (51D and 51A) were tested in a binding affinity

assay with an N-terminal polyhistidine (His)-tagged re-

combinant SR-A1 by bio-layer interferometry. The anti-His

tag biosensor was bound to SR-A1 and incubated with

1 mM of each PMO. During PMO incubation, the instru-

ment recorded the kinetics of binding of PMO. The area

between lines A and B corresponds to the association

phase, and the area between lines B and C corresponds

to the dissociation phase. Results are presented as

means ± SE. *p < 0.05; **p < 0.01; ***p < 0.001.
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differentiating or regenerating processes in vivo and in vitro16,17,28

mediated by caveolin (caveolae)-dependent endocytosis via SR-A1
(Figure 1F). There may be other pathways of PMO uptake, such as
endocytosis by other classes of SRs localizing in caveolae, such as
SR-B3 (CD36), a fatty acid transporter in skeletal muscle46; macropi-
nocytosis, as shown in Figure 1F47; or heteromultimeric receptor
complexes (signalosomes) comprising SRs and other coreceptors.20

SR-A1 was expressed at the plasma membrane only in cells in culture,
but not in myofibers in vivo. It is possible that immortalization of
H2K-myoblasts promotes SR-A1 expression in these cells, whereas
in vivo factors, such as inflammatory status,48 could influence the
downregulation of SR-A1 at the plasma membrane. On the other
hand, SR-A1 was detected only in inflammatory lesions of the inter-
stitial space in skeletal muscles in which inflammatory cells, including
macrophages, are generally observed.17 Given that SR-A1 is known to
be expressed in macrophages,20 which could mediate PMO uptake as
reported previously,17 it is possible that the PMO uptake into macro-
Molecular Th
phages mediated by SR-A1 and the subsequent
extracellular release eventually led to PMO up-
take into myofibers. Future studies using mus-
cle-specific SR-A1 knockout mice will clarify
the role of SR-A1 in PMO uptake.

Our first study of the molecular mechanisms of
uptake of PMOs with neutral backbones was
different from previous studies of phosphorothioate (PS)-ASOs
with negatively charged backbones. A previous study on PS-ASO up-
take in SR-A1/2 knockout and WTmice showed that SR-A1 does not
play a major role in PS-ASO uptake, even in tissues in which SR-A1
expression is high.49 Stabilin-1 and stabilin-2, categorized as SR-Hs,
are likely to be more important as specific receptors for the cellular
internalization of PS-ASOs in the liver.50 Interestingly, in vitro stabi-
lin-2-mediated internalization of PS-ASO in cells did not compete
with PMO uptake. Taken together, these results suggest that the vary-
ing negative zeta potentials resulting from PS modifications to
PS-ASOs and nucleobases in PMOs can differentially affect binding
affinity to SRs, as represented by their large differences in plasma pro-
tein binding characteristics, tissue distribution, and half-lives.51

In addition, cell-penetrating peptide modification can change the
cellular uptake pathway of PMO. A previous study showed that
Pip6a-PMO was taken up by H2K-mdx myotubes only by a caveo-
lin-dependent pathway, and not by micropinocytosis,28 which was
erapy: Nucleic Acids Vol. 14 March 2019 529
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Table 2. Target Exon-Skipping Site, Sequence, and Exon-Skipping Efficiency for PMOs

Name Target Exon 51 Skipping Site Sequences Skipping Efficiency (%)

51A splice acceptor site 50-CTGGCAGCTAGTGTTTTTGAAAGAA-30 31

51B internal exon 50-TCACCCACCATCACTCTCTGTGATT-30 5

51C internal exon 50-ATGTCTTCCAGATCACCCACCATCA-30 12

51D splice donor site 50-TTGTTTTATCCATACCTTCTGTTTG-30 56

51E internal exon 50-ACAGCAAAGAAGATGGCATTTCTAG-30 39

51F internal exon 50-TCACTAGAGTAACAGTCTGACTGGC-30 15

51G internal exon 50-CCTTAGTAACCACAGATTGTGTCAC-30 22

51H internal exon 50-TTCTAGTTTGGAGATGACAGTTTCC-30 42

51I internal exon 50-CAGCCAGTCTGTAAGTTCTGTCCAA-30 45

51J internal exon 50-AGAGACAGCCAGTCTGTAAGTTCTG-30 29

51K internal exon 50-CAAGCAGAGACAGCCAGTCTGTAAG-30 7

51L internal exon 50-TCACTCTCTGTGATTTTATAACTCG-30 18

The information was adapted from Molecular Therapy38 with permission.
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different from our results showing the involvement of both pathways
in naked PMO uptake. Our study showed that naked PMO did not
form micelles as Pip6a-PMO did, which is thought to be effective
for SR-A1-mediated endocytosis based on the particle-wrapping
model.19 This could lead to partial utilization of macropinocytosis
in naked PMO uptake independent of SR-A1 because this pathway
does not rely on special protein coatings or concentrated receptors
on the membrane surface, unlike other endocytotic pathways.52

SR-As recognize negatively charged compounds directly or indirectly
by association with anionic serum proteins.53,54 Our results suggest
that serum factors and BSA are not necessary for PMO uptake (Fig-
ure S8), which was consistent with the poor plasma protein-binding
characteristics of PMO.51 Unexpectedly, 10 PMOs randomly selected
from previous studies had negative zeta potentials (Figure 5B), which
allowed their physical binding to recombinant SR-A1 (Figure 5E).We
demonstrated that this difference originated partially from their
nucleobase compositions by correlation analyses focused on bases
with high pKa values (G and T) and low pKa values (C and A) (Fig-
ure 5C) and on poly T in PMO backbones producing lower negative
zeta potential than does poly A (Figure 5D). This characteristic is
thought to be specific to ASOs with charge-neutral backbones, such
as PMOs and peptide nucleic acids (PNAs), because 20-O-substitution
and PS linkages in other ASOs have much more influence on their
negative charges than do their nucleobases.55

It has been reported that the efficiency of exon skipping varies mark-
edly between different target sequences depending on interactions be-
tween ASOs and a complex system comprising the splicing apparatus
and regulatory factors, nascent pre-mRNA, and the rest of the cellular
environment.56 Our study proposes cellular uptake of ASOs based on
their sequences as novel regulatory factors occurring in the first step
of interaction between ASOs and target cells, in addition to the above
factors (Figure S10; Table 3). For further evaluation of the relation-
ship between zeta potential, cellular uptake, and exon-skipping
530 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
efficiency, it will be necessary to analyze a larger set of PMOs with
different sequences as shown in Table 1 or 2, instead of the two
used in this study.

SR-A1 expression was upregulated in diaphragm muscles compared
with those inTAandGASmuscles, andPMOwas takenup into awider
range of myofibers in diaphragm muscles than in the other muscles
and induced detectable exon skipping by single PMO administration,
which was not observed in the other muscles. Together with the
result of upregulated PMO uptake in GFP-SR-A1/2-overexpressed
HEK293T cells, these results suggest that tissues with high SR-A1
expression can be good targets for the treatment of DMD using
PMO, which can be applied to tissue targeting in other neuromuscular
diseases or genetic disorders. The role of SR-A1 inPMOuptake in non-
muscle tissues was supported by the result that deletion of SR-A1
significantly reduced PMO uptake into the kidney, liver, and lung.

In conclusion, this is the first study to demonstrate that naked
PMOs can have negative zeta potentials and can be taken up into
dystrophin-deficient myotubes and myofibers by upregulated
SR-A1-mediated endocytosis. Notably, it explains dystrophin defi-
ciency-induced exon skipping, which had been explained mainly by
dystrophin deficiency-induced plasma membrane leakiness. The
development of an SR-A1-targeting drug delivery system could lead
to highly efficient exon-skipping therapies for DMD or other neuro-
muscular diseases.

MATERIALS AND METHODS
Animals

Mice with exon 52-deficient X chromosome-linked muscular dystro-
phy (mdx52 mice) were provided by the Riken BioResource Center
(Wako Pure Chemical Corporation, Tokyo, Japan) through the
National Bio-Resource Project of the MEXT, Japan.57 Mice geneti-
cally deficient in SR-A1/2 (SR-A1/2�/�), generated by disrupting
exon 4 of the SR-A gene essential to the formation of functional



Table 3. Pearson Correlation Coefficients and p Values of Comparisons

between the Numbers or Percentages of Indicated Nucleobases in Each

PMO and Its Zeta Potential or Skipping Efficiency

Pearson Correlation Coefficients

PMOs in Table 1 PMOs in Table 2

r p Value r p Value

(G+T) � (C+A) �0.6951 0.0257* 0.7077 0.01*

(G+T) � C �0.4581 0.183 0.7059 0.0103*

(G+T) � A �0.8671 0.0012** 0.6121 0.0344*

G � (C+A) �0.649 0.0423* 0.6156 0.0331*

T � (C+A) �0.7805 0.0077** 0.6525 0.0214*

G � C 0.2071 0.5659 0.4255 0.1679

T � C �0.5447 0.1035 0.7206 0.0082**

G � A �0.7475 0.013* 0.5202 0.0829

T � A �0.8557 0.0016** 0.4568 0.1354

G + T (%) �0.7581 0.0111* 0.7077 0.01*

G + C (%) 0.1485 0.6821 �0.6283 0.0287*

G (%) 0.361 0.3055 0.1794 0.5769

T (%) �0.7538 0.0118* 0.5264 0.0787

Regarding the calculation using nucleobase composition, for example, 51D has 3 gua-
nines (G), 14 thymines (T), 5 cytosines (C), and 3 adenines (A), as shown in Table 1
or 2. Thus, [(G + T) � (C + A)] is calculated to be 9 for 51D.
*p < 0.05.
**p < 0.01.
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trimeric receptors,58 were purchased from Charles River Laboratories
(JAX stock 006096; Kanagawa, Japan) and crossed with mdx52 mice
to produce SR-A1/2�/� mdx52 DKO mice. Age-matched male
mdx52, DKO, and C57BL/6J WT mice (Charles River Laboratories)
were used in this study. The mice were allowed ad libitum access to
food and drinking water. The Experimental Animal Care and Use
Committee of the National Institute of Neuroscience, National Center
of Neurology and Psychiatry, Japan, approved all experimental proto-
cols in this study.

PMOs

PMOs of different sequences listed in Table 1 were purchased from
Gene Tools (Philomath, OR, USA). Cy5-conjugated PMO and
Pip6a-PMO with sequence 51D (Pip6a, RXRRBRRXR YQFLI
RXRBRXRB, X, 6-aminohexanoic acid; B, b-alanine)29 were synthe-
sized by Nippon Shinyaku (Kyoto, Japan).

H2K-mdx52 Myoblasts

H-2Kb-tsA58 � mdx52/mdx52 F1 male mice yielded dystrophin-
deficient H2K-mdx52 myoblasts.29 H2K-WT and H2K-mdx52 myo-
blasts were seeded onto gelatin-coated 24-well plates at a density of
5 � 104 cells/well and grown at 33�C in DMEM with GlutaMAX,
interferon-g (IFN-g) at a concentration of 20 U/mL, and 20% (v/v)
fetal bovine serum. After treatment, cells were differentiated into
myotubes in DMEM with GlutaMAX containing 5% (v/v) horse
serum (HS) at 37�C. Four days after the initiation of differentiation,
the myotubes were used for experiments.
PMO Supplementation

Myotubes were supplemented with 5 or 10 mM PMOs in differentia-
tion medium without any transfection reagents for 48 h for exon-
skipping analysis.

RNA Isolation and RT-PCR

Total RNA was extracted from cells or frozen murine muscle sections
using TRIzol (Invitrogen, Carlsbad, CA, USA). One hundred nano-
grams of total RNA template was used for RT-PCR with a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.
For one RT-PCR, 1 mL of cDNA template was mixed with 14.3 mL
of water, 0.5 mL of 10 mM forward primer, 0.5 mL of 10 mM reverse
primer, 1.6 mL of 2.5 mM dinucleotide triphosphates (dNTPs), 2 mL
10� Ex Taq Buffer, and 0.1 mL Ex Taq horse serum from the Ex
Taq Hot Start Version kit (Takara Bio, Shiga, Japan). The primer
sequences used were Ex50F 5ʹ-GAGTGGGAGGCTGTAAACCA-3ʹ
and Ex53R 5ʹ-ACCTGTTCGGCTTCTTCCTT-3ʹ for amplification
of cDNA from exons 50–53. The cycling conditions were 95�C for
4 min, 35 cycles of 94�C for 30 s, 61�C for 30 s, 72�C for 30 s, and
finally 72�C for 7min. The intensity of PCR bands was analyzed using
the ImageJ software (https://imagej.nih.gov/ij/; NIH, Bethesda, MD,
USA), and skipping efficiency was calculated by dividing the densito-
metric value of the Dexon 51 plus 52 band with that of all bands
(Dexon 51 plus 52 and Dexon 52).

qPCR

TaqMan probes were purchased from Thermo Fisher Scientific.
cDNA synthesized from 1 mg of total RNA was used for qRT-PCR
using predesigned fluorescein amidite (FAM-MGB)-conjugated
TaqMan probes for target genes, and Abt1-VIC-PL was used as an
internal housekeeping reference.

Fluorescent-Conjugated PMO Uptake Study

In an in vitro study, cells were supplemented with 5 mMCy5-PMO for
1 and 4 h. Three images from each well were randomly taken at 20�
magnification with a BZ-9000 fluorescence microscope (Keyence,
Osaka, Japan), and the fluorescence intensity was quantified by Im-
ageJ. The background was subtracted from the image of untransfected
cells. For HEK293T cells, the fluorescence intensity was divided by
cell area calculated by the BZ-H3CM software (Keyence). The aver-
aged intensity from three images was used for comparison. Nuclear
fluorescence intensity was quantified by the BZ-H3CM software.

Fractionation of Cell Lysates

All reagents were acquired from G-Biosciences (St. Louis, MO, USA).
Myotube monolayers were lysed and fractionated into cytosolic (sol-
uble) andmembrane (insoluble) fractions with a FOCUSGlobal Frac-
tionation Kit according to the manufacturer’s protocol. Protein con-
centration was determined using a Non-interfering Protein Assay Kit.

Preparation of Muscle Lysates

Muscle lysates from mice were prepared according to our protocol.30

In brief, 20 � 12 mm muscle cryosections were homogenized in
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100 mL of radioimmunoprecipitation assay (RIPA) buffer with Com-
plete Mini Protease Inhibitor Cocktail (Roche, Basel, Switzerland),
heated at 95�C for 5 min, and centrifuged at 16,500 � g for 15 min.
The supernatant containing the lysates was then collected. The pro-
tein concentration was determined with a BCA Protein Assay Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Western Blotting

Equal amounts of the lysates were denatured in Laemmli sample
buffer (Bio-Rad, Hercules, CA, USA) with 2-mercaptoethanol at
55�C (for SR-A1/2) or 70�C (for dystrophin) for 10 min, and then
separated by SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were blocked with Tris-
buffered saline containing 0.1% Tween 20 and 5% BSA (for SR-A1/2)
or 5% milk (for dystrophin). The membranes were incubated over-
night with anti-SR-A1/MSR (R&D Systems, Minneapolis, MN,
USA), anti-dystrophin (NCL-DYS1; Leica Microsystems, Tokyo,
Japan), anti-GAPDH (Santa Cruz Biotechnology, Dallas, TX, USA),
anti-Cav-3 (BD Biosciences, Franklin Lakes, NJ, USA), Na,K-ATPase
(Cell Signaling Technologies, Danvers, MA, USA), or anti-a-actinin
(Sigma-Aldrich, St Louis, MO, USA), followed by incubation with
goat (Invitrogen), rabbit, or mouse (GE Healthcare, Little Chalfont,
UK) secondary antibodies conjugated to horseradish peroxidase.
The signals were detected by ECL Prime Western Blotting Detection
Reagent (GE Healthcare).

Immunocytochemistry

An eight-well chamber slide (Iwaki, Shizuoka, Japan) was coated with
growth factor-reduced Matrigel (Corning, Corning, NY, USA), and
H2K-mdx52 myoblasts were seeded on the slide with growth media.
After 2 days, they were differentiated using 5% horse serum differen-
tiation media. After 4 days, cells were fixed with methanol at �20�C
for 10 min. After being washed with PBS, cells were permeabilized
with 0.1% Triton X-100 in PBS for 10 min and then blocked with
Mouse Blocking Reagent (Vector Laboratories, Burlingame, CA,
USA) for 1 h at 20�C–25�C, followed by incubation with anti-SR-
A1/MSR (1:400; R&D Systems) and anti-Cav-3 (1:200; BD Biosci-
ences) for 1 h at 20�C–25�C. After being washed with PBS, cells
were probed with Alexa Fluor 647 (1:200, for SR-A1) and Alexa Fluor
488 (1:200, Cav-3) secondary antibodies (Invitrogen) for 1 h at 20�C–
25�C. After being washed with PBS, cells were mounted using
mounting medium with DAPI (Vector Laboratories).

Immunohistochemistry

Eight-micrometer-thick cryosections on glass slides were fixed with
acetone at�20�C (for SR-A1) or 4% paraformaldehyde at room tem-
perature (for Cav-3) for 10 min, permeabilized with 0.1% Triton
X-100 in PBS for 10 min (only for SR-A1), and blocked with 5% horse
serum in PBS at 37�C for 15 min (for SR-A1) or Mouse on Mouse
Blocking Reagent at room temperature for 1 h (for Cav-3). The sec-
tions were incubated with anti-SR-A1/MSR (1:100) or anti- Cav-3
(1:200) at 20�C–25�C for 1 h, washed with PBS, and probed with
Alexa Fluor 647 (1:200, for SR-A1) or Alexa Fluor 488 secondary an-
tibodies (1:200, for Cav-3) at 20�C–25�C for 1 h. After being washed
532 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
with PBS, the sections were mounted using mounting medium with
DAPI.

Confocal Imaging

Images were acquired with a Leica TCS SP5 confocal system equipped
with a hybrid detector (HyD; Leica Microsystems) using the LAS AF
software. Images of myotubes were acquired using a 63�/1.4 oil im-
mersion objective lens at a 1,024 � 1,024-pixel resolution and with a
z-step of 0.15 mm. The scan speed was 100 Hz. The photon-counting
mode of the hybrid detector was used. The zoom factor and frame
accumulation used were 5.6 and 6, respectively. The acquired images
were deconvoluted with Leica Application Suite X (LAS X).

Endocytosis Inhibitor Treatment

All inhibitors were acquired from Sigma-Aldrich. For exon-skipping
analysis, H2K-mdx52 myotubes were pre-incubated in differentiation
medium with 1 mM NaN3 for 1 h and then supplemented with 5 mM
PMO for 48 h in the presence of NaN3. For the study of PMO uptake,
the myotubes were pre-incubated in differentiation medium with
10 mM NaN3, 30 mM CPZ, 4 mg/mL filipin III, and 10 mM EIPA
for 30 min, and then supplemented with 5 mM Cy5-PMO for 4 h in
the presence of each inhibitor.

SR Inhibitor Treatment

For exon-skipping analysis, H2K-mdx52 myotubes were pre-treated
with SR inhibitors from Sigma-Aldrich for 1 h and then supple-
mented with 5 mM PMO for 48 h in the presence of the inhibitors.
Ten micrograms per milliliter of fucoidan, poly I, and polycytidylic
acid (poly C) was used as an SR-A1/2 and SR-C1 inhibitor;33 an
SR-A, SR-C, SR-E, and SR-F inhibitor; and as a negative control for
poly I, respectively.

siRNA Knockdown of SRs

H2K-mdx52 myoblasts were seeded at a density of 5 � 104 cells per
well in 24-well plates, incubated for 24 h, and then supplemented
with 5 nM siRNA for each SR-A for 24 h using Lipofectamine RNA
iMAX Reagent (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. To evaluate knockdown efficiency, we collected total
RNA from the myoblasts for qPCR. For PMO treatment, the myo-
blasts were differentiated for 4 days and supplemented with 5 mM
PMO for 48 h.

Primary Satellite Cell-Derived Myoblasts

EDL muscles from mdx52 and DKO mice were isolated and dissoci-
ated by digestion using type 1 collagenase as previously described.59

Satellite cells were cultured and differentiated into proliferating myo-
blasts in a growth medium (DMEM with GlutaMAX, 20% FBS, 1%
chicken embryo extract, 10 ng/mL basic fibroblast growth factor;
Cell Signaling Technologies), and 1% penicillin-streptomycin at
37�C under 5% CO2).

Plasmid Transfection into HEK293T Cells

pCMV6-C-GFP and -GFP-SR-A1/2 were purchased from OriGene
Technologies (Rockville, MD, USA). Each 2.5-mg plasmid was
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transfected into HEK293T cells at a density of 2 � 104 cells/well in a
96-well plate with Lipofectamine LTX Reagent (Thermo Fisher
Scientific) for 24 h. The cells were then supplied with 5 mMCy5-PMO
for 4 h, and Cy5 fluorescence was observed with a fluorescence
microscope.

Intravenous Administration of PMO into Mice

Four- to five-week-old mdx52 and DKO mice were administered
160 mg/kg body weight PMO through their tail veins; 2 weeks later,
their muscles were isolated and muscle lysates were used in western
blotting to detect dystrophin. Thirty micrograms of total protein
was loaded relative to 5% (1.5 mg protein)WT control and normalized
to the GAPDH loading control.

Intramuscular Administration of PMO into Mice

Seven- to eight-week-oldmdx52 and DKOmice were intramuscularly
injected with 1.2% BaCl2 in saline or only saline in the TA muscle of
each leg. After 1 week, 50 mg of Cy5-PMO in saline was intramuscu-
larly injected into both legs; the muscles were collected 4 h later and
then used for qPCR analysis or immunohistochemistry.

PMO Uptake into Skeletal Muscle

Seventy-five milligrams per kilogram body weight Cy5-PMO was
diluted in 100 mL of saline and intravenously administered into
4-week-old male WT, mdx52, and DKO mice. After 24 h, the mice
were sacrificed by cervical dislocation, and their TA and GASmuscles
were isolated for imaging and quantification with the IVIS imaging
system (Summit Pharmaceuticals International, Tokyo, Japan), or
12-mm cryosections were imaged by fluorescence microscopy.

Conductivity, DLS, and Zeta Potential Measurement

Conductivity, DLS, and zeta potential measurements were performed
on a Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK)
using 20 or 50 mL of 50 mM PMO in quartz cells or capillary cells
in the indicated buffers.

ELISA for PMO Uptake

ELISA was performed based on previous protocols.12,60 Protein ex-
tracts from untreated, 51D-treated, and 51A-treated cells were diluted
and used for ELISA. PMO standards of known concentration were
also included. Samples were hybridized to probes (Integrated DNA
Technologies, Skokie, IL, USA) for 51D or 51A as previously
described.60 Both probes were labeled at the 50 and 30 ends with
digoxigenin and biotin, respectively, and had the first and last seven
bases phosphorothioated. Samples were processed as previously
described.60 Absorbances at 444 nm excitation and 555 nm emission
(cutoff 530 nm) were obtained with a plate reader (Molecular Devices,
San Jose, CA, USA). PMO uptake amounts were calculated using
standard curve equations (R2 R 0.992) derived from PMO
standard data.

TEM

Visualization of negative staining was conducted with 800 mMPip6a-
PMO and PMO by the Hanaichi UltraStructure Research Institute
(Aichi, Japan) using a JEOL JEM-1200EX TEM (JEOL, Peabody,
MA, USA).

Bio-layer Interferometry Assays

Bio-layer interferometry (BLI) assays between PMO and SR-A1
were conducted using a BLItz system (ForteBio, Fremont, CA,
USA). Before starting the experiment, the anti-N-terminal polyhis-
tidine (His) biosensor was equilibrated in 10 mM Tris and 150 mM
NaCl for 10 min. Next, the biosensor was incubated with 10 mg/mL
His-tagged SR-A1 recombinant protein (R&D Systems) in this
buffer for 2 min, washed for 30 s, and then 1 mM PMO was incu-
bated with the biosensor for another 4 min while the instrument
recorded the kinetic binding ability of the PMOs; the equilibrium
dissociation constant was calculated with BLItz Pro 1.2. 1.5 software
(ForteBio).

Lactate Dehydrogenase Assays

Lactate dehydrogenase activity in the conditioned medium from
H2K-mdx52 myotubes after treatment with reagents was measured
using a cytotoxicity detection kit (Roche) following the manufac-
turer’s instructions.

Statistical Analysis

Data are shown as mean ± SE. A two-tailed t test or Mann-Whitney
U test was used for comparisons between two groups. For multiple
comparisons, data were analyzed using a one-way or two-way
ANOVA followed by the Bonferroni correction. The Pearson correla-
tion coefficient (r) and its square (r2) were used for correlation anal-
ysis. p < 0.05 was considered to be significant.
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